The complacency with which congenital anomalies were once interpreted as expressions of faulty inheritance was rudely shaken in 1940. A convincing demonstration had just occurred in Australia that German measles contracted early in pregnancy by the mother may initiate congenital cataract, deafness, or congenital heart disease in the fetus. A great area for medical exploration had opened. To appreciate the consequences of the discovery, consider the impact on the then current interpretation of congenital cataract-that its presence or absence was determined by genetic factors. Almost without dissent or even questioning, the clinical entity was presumed by physicians to be an inherited defect. For example, in one textbook of wide repute, the occurrence of a single case of congenital cataract in a family of over 40 members was interpreted as indicating a mutation. At the time the book was prepared no one could challenge the inference as unreasonable, but after 1940 anyone had the right to raise the questions: "How do we know that the mother didn't have rubella during pregnancy?" Or, "How do you know that other intercurrent or metabolic illnesses, accidents or operations acting during pregnancy did not cause the defect?"
Since German measles was accurately described as long ago as 1840, it may be profitable to digress just a moment in order to examine why the simple cause and effect relation between maternal infection and congenital defects had not been recognized earlier. The answer, I am sure,. lies in the natural behavior of rubella. Ordinarily it is one of the "common communicable diseases of childhood," and relatively few adults are spared to become component parts of the susceptible population. Only half of these would be married at any one time, and less than half of the susceptible married women would be expected to be pregnant. Even of these, only one third would be in the first trimester of pregnancy. Thus, the chances are small for any one physician to see many cases of rubella during early pregnancy in the course of his professional life. Moreover, only 25 per cent of women with first trimester rubella get into trouble; and the risks that they run are variable. However, in Australia in 1939 the stage was set for rubella to make the rounds of the young married set in a way that seldom occurs. There had been no major outbreak of rubella in Australia for 17 years before 1939 when Great Britain moved to war. The combination of population movements against a background of three missed cycles of the disease guaranteed the country wide and epidemic spread of rubella when it broke out in 1939 and 1940. Thus an unusually large number of pregnant women were ready to contract the disease, and in fact did so. The result was the crop of babies with rubella defects who were born in 1940 and 1941. 1`8 Since that time, animal experiments have confirmed and extended the principle. A wide variety of agents -infectious, chemical, endocrine, dietary, radiant, and gaseous-are able to induce congenital defects in birds, fish, and mammals. And as important as the role of the infectious agent is that of the fetal host, for the nature of the defect induced is determined by the stage of gestation at which fetal injury occurs. 8 What I have just given is the merest bird's eye view of the great expanse of medicine-embryo medicine, the Japanese call it-which has been opened up by scientific advances during the past two decades. For a century before 1940 many brilliant physicians and biologists, St. Hilaire, Dareste, Ballantyne, Mall, Hale, and others, made far-reaching observations and inferences that led them to suspect the operation of environmental factors in the production of congenital anomalies. After 1940 no room was left to doubt that environmental factors do in fact cause the production of many congenital anomalies. We know this as certainly as we know that a family of viruses produce poliomyelitis. And as with poliomyelitis, rickets, or any other disease, the problem is susceptible to approach at three levelsthrough the clinic, through the laboratory, and in the field by epidemiological methods.
With this introduction I propose now to review some of our scientific knowledge of congenital defects and to give consideration to principles that bear on their etiology and epidemiology. Historically, three of the basic sciences may be said to have furnished most of our knowledge of the developing conceptus. These three include the bedrock discipline of embryology, the study of prenatal pathology or teratology, and thirdly the science of genetics. However, no one, not even the obstetrician, views the baby developing a congenital malformation. The baby is seen by no one until several months have elapsed since a departure from the normal sequences of development first occurs in utero. This puts a severe clinical obstacle in the way of anyone trying to construct an epidemiology of congenital defects.
Congenital malformation and environmental influences INGALLS One may start the task by studying first two types of congenital disorder, the one inherited ( Fig. 1 ) and the other acquired (Fig. 2) . Both disorders, achondroplasia and mongolism, involve arrested growth of the long bones and floor of the skull so severely that they have in common the end result of dwarfism and brachycephaly. Yet here the resemblance stops, for the mongol is mentally retarded and sluggish, whereas the little court jester (Fig. 3 ) is bright and agile enough. There is no confounding of the two conditions clinically, or epidemiologically, so different are the congenital stigmas and the attributes of the two kinds of mothers and ancestors further back. To diagnose mongolism in an achondroplastic dwarf would be something of a feat, but not, I think, impossible. The achondroplastic trait runs in families (Fig. 4) and, as far as one can see, it is the human counterpart of the bulldog, Dexter cattle, or Ancon sheep. If human beings were to be bred selectively as animals are, one could doubtless breed strains of these circus dwarfs, even as man has bred the Pekinese, the pug, the bulldog, and the dachshund and other breeds with either a normal or brachycephalic skull riding on top of achondroplastic limbs.
Mongolism, by contrast, does not run in families, nor do mongoloid patients mature and reproduce. Since the condition occurs about once in a thousand births, it defies comprehensible interpretation as a genetic manifestation. Even the long-awaited occurrence of heterozygous twins, both mongoloid, has recently been observed.7 If mongolism is a mutation, it occurs with-an incredible frequency and inexplicable relation to maternal age. For example, the risk of producing a mongoloid child has been observed to increase about 50 or 100 fold from around 0.3 per 1,000 pregnancies in the twenties, to 15 and higher in the forties. This is probably the most striking epidemiological constant that has been unearthed about any of the congenital defects. In these older women, vaginal bleeding during the first trimester of pregnancy appears to be related to the appearance of mongolism in the baby. Presumably, the vaginal bleeding is a manifestation of the same uterine disorder that is to mark the baby for life.
The stigmas of congenital syphilis, of Hutchisonian teeth, deafness, interstitial keratitis, should have alerted physicians to the importance of maternal disease for fetal health a generation ago. In the narrow sense, of course, the relation of maternal to fetal syphilis was well known many years ago. However, an appreciation of congenital syphilis developed too specifically in relation to spirochetal pathology for the broader principles to emerge. The time was not right and it took an epidemic of a supposedly innocuous "childhood disease" to bring the new principle out into the open. Now we are ready to study by epidemiological and statistical methods how congenital malformations, the pathogenesis of which is hidden from view, may have a relation to minor disease processes and lesser events of medicine as we know about them from hospital visits, office practices, house calls, and minor operations. Family pedigrees and serious diseases are not the only evidence that bears on the causes of malformations with which babies are born. Obstetrical notes and a mother's memory may be quite as illuminating.
To be sure genetic influences are powerful determinants of the child's normal constitution and of some congenital abnormalities. Bulldogs and achondroplastic dwarfs are bred, not induced. On the other hand, there is no evidence that human beings breed cyclopia, conjoined twins, tracheoesophageal fistula, mongolism, ectromelia, Hutchisonian teeth, cerebral palsy or Erb's palsy, although some mothers and some fetuses are more susceptible than others to environmental adversities that probably cause such defects.
Some idea of the principles underlying the genesis of acquired malformations in animals is gained from systematic study of pregnant mice by administering a single, standardized, and controllable injury on different days of pregnancy. In addition to demonstrating that hypoxia of the fetus or embryo is a potent teratogenic agent, the experiment reveals that both degree and timing of maternal stress in pregnancy are also of decisive importance. Pregnancy in the mouse is usually a matter of 19-20 days' duration.
Within a low pressure chamber pregnant mice are exposed to hypoxic atmospheres equivalent to the 25,000-28,000 feet found near the top of Mount Everest for a period of five hours on the various days of pregnancy. Delivering of the young is by section on the 19th day in order to prevent the mother from devouring defective fetuses. In this way, the entire contents of the uterus are examined for results of intra-uterine anoxia as manifested by gross congenital defects. Control studies are also made.
Under these conditions a whole spectrum of prenatally dead and defective fetuses is obtained, which would correspond to the continuum of reproductive wastage to be observed among human beings. Although the counterpart of mongolism and mental retardation could hardly be recognized in the mouse, many different types of recognizable defect are observed, varying from gross monstrosities to minor defects. Some form of anencephaly is found in nearly a third of litters after significant anoxia on about the 8th day of development, a period that is also critical for defects of the axial skeleton. Cleft palate occurs after hypoxia administered on the 14th day; and so-called "open eye" from fetal oxygen deprivation occurred on the 16th day of gestation.! The validity of applying the principles gained from the study of the anomalies of rodents to the interpretation of human anomalies would seem as sound as to study viruses in roller tube cultures. Moreover, the German measles story alone indicates the importance of timing of a fetal stress in human beings. The time of infection was even more important than the kind of infection in deciding the result. Thus, congenital cataract was a result of rubella at the fifth week of pregnancy, congenital heart disease at the sixth and seventh, and deafness at around the eighth week. So too with other human anomalies such as tracheo-esophageal fistula, cleft palate, and mongolism, which give every suggestion of being naturally related as individual members of a series of developmental arrests. The single patient with anomalies is only an isolated unit of a larger dynamic process, or like the single case of congenital syphilis. ' Enough knowledge of the experimental epidemiology of congenital anomalies in animals has been gathered' so that a recent glimpse of their spontaneous occurrence in Tunica, Mississippi may be revealing. Some of those who attended the annual meeting of the American Public Health Association in St. Louis last fall may have noticed an item in the St. Louis Post Dispatch on the epidemic occurrence of six-legged frogs in a Mississippi lake during the past summer. According to the manager of the farm which abutted the lake, these freaks (Fig. 5) To turn from frogs and mice back to human beings, the main difficulty to be encountered in establishing an epidemiology of congenital anomalies is that diverse causes, anoxia, maternal rubella, and presumablv other virus infections, are probably capable of initiating the same kind of defect in the conceptus. Conversely, a single teratogenic agent can induce a whole host of seemingly unrelated handicaps in the conceptus. Rubella, for example, may induce mental retardation, cataract, congenital heart disease, or deafness, to mention only four of its possible sequelae; and the resulting anomaly is a function of the stage of development at which the infection occurred.
The critical period determining some of these malformations has been identified: congenital cataract developed after rubella around the fifth week of pregnancy, cardiac malformation from the sixth to the ninth weeks of embryonic life, and congenital deafness at about the ninth week. On the other hand, the critical period for many other malformations-cyclopia, conjoined twins, ectromelia and tracheoesophageal fistula, for examplehas to be inferred. One does not have to be too diffident about making these inferences, however, for three of the four can be produced in the laboratory during very early stages of embryonic development. Even the six-legged frogs help us to understand human freaks.
In summary, when I talk today on the epidemiology of congenital defects, I cannot close in on my topic with the same directness that was shown by you who spoke this morning. One has to take into consideration altogether too many viruses, too many stresses, too many weeks of pregnancy, and too many defects to expect to systematize the variables in 1959. However, the occasional importance of an acute triggering process has been firmly established by the German measles story and the aftermath of the Hiroshima bombing, a chapter which I have not had time to explore here. Whether a suspected maternal stress be acute or chronic, infectious or noninfectious, the epidemiological challenge is still ahead. It is to measure the diverse impact on the conceptus of stressful agents in relation to any deviations of growth and development that may result, and in relation to the time when the suspect stress is acting.
